Changes in electrical and rheological properties in freezing-thawing were measured and compared for various food materials, which could be classified into three groups. In the first group, plant tissue (vegetables and fruits) showed large and frequency-dependent impedance and clear characteristic Cole-Cole arc in their fresh state. These electrical properties drastically changed after freezing-thawing: impedance greatly decreased and the Cole-Cole arc disappeared, suggesting the serious change in the cell structure. Correspondingly, the dynamic elasticity and viscosity substantially decreased. In the second group, animal and fish meats showed the lower impedance and unclear Cole-Cole arc as compared with plant tissue, but these properties scarcely changed after freezing-thawing. Rheological properties were also unchanged reflecting the large freezing-tolerance for food materials in this group. In the third group, konnyaku (alimentary yam paste) and tofu (soyprotein curd) showed increase both in impedance and viscoelasticity after freezing-thawing reflecting the freezedenaturation of the major components.
Introduction
In frozen storage, physical properties of food materials are generally affected by the formation of ice crystals (Miyawaki et al., 1995) . In plant tissue, this effect brings a large change in rheological properties causing softening (Ohnishi et al., 2003) , which is one of the most important types of deterioration in frozen storage. In contrast, the rheological properties of meat tissue hardly change before and after freezing-thawing although it has a cellular structure as well as does plant tissue. It is also known that rheological properties of some gel foods change after freezingthawing.
Electrical properties of food materials are known to have information about the cell structure (Sugiyama, 1988a,b) . Numerous investigations have been carried out by electrical measurement to assess conditions of agricultural products such as variety (White et al., 1971) , quality and freshness (Sugiyama et al. , 1987; Kato, 1988) , ripeness and maturity (Bauchot et al., 2000; Desai et al., 1977; Weaver et al., 1966) , infection of virus (Greenham et al. , 1952) and injury of tissues (Greenham, 1966; Zhang et al. , 1993; Jiang et al. , 2001) . Effectiveness of impedance measurement has been shown in freezing and cold injury of agricultural products (Zhang et al. , 1992 (Zhang et al. , , 1992 Dejmek et al. , 2002; Ohnishi et al. , 2002) . Nonetheless, impedance and rheological change of food materials involving agricultural products, meat and gel foods such as tofu, konnyaku and kamaboko by freezing have not been thoroughly investigated.
In the present paper, we applied electrical measurements to various food materials to analyze the change in structure after freezing-thawing. Changes in electrical and rheological properties before and after freezing-thawing were compared to study the mechanism of the change in food properties during this process. E-mail: ohnishi @ itc.pref .kagawa. jp 
Materials and Methods
Materials Agricultural products and other food materials were obtained from a local market and cylindrical samples (6.9 mm in diameter, 50 mm in length) were prepared with a cork borer (7.0 mm inner diameter) for electrical measurements. The materials that were difficult to cut into a cylindrical shape were cut into square rods (6.1 x 6.1 mm, 35 mm in length) by a razor. In soybean and grape, the whole grain and pulp of the fruit was used for the measurement.
Freezing and thawing Samples were wrapped with Parafilm (American National Can, USA) to prevent drying and left in a refrigerator at 5'C for 30 min, then cooled and frozen in a domestic freezer at -18*C. The temperature was measured by a copper-constantan thermocouple at the center of the sample. After freezing, samples were thawed for I h at room temperature (25'C) until their temperature reached approximately 20'C.
Measurement ofelectricalproperties The electrical properties of agricultural products were measured by a LCR meter (3523-50; Hioki, Japan) with a test fixture ( 1 6047C;
Hewlett-Packard Japan) (Ohnishi et al., 2002) . Two electrodes of platinum wire (0.3 mm in diameter) connected to the test fixture were plunged into the sample (5 mm deep) in the direction perpendicular to the long axis of the cylindrical sample (6.9 mm in diameter, 35 mm in length) or square rod sample (6.1 x 6.1 mm, 35 mm in length).
The distance between the two electrodes was 30 mm.
Impedance of the sample was measured over a frequency range from 50 Hz to I MHZ at 0.1 volt. In soybean and grape, the distance between the two electrodes was 10 mm. Three samples were tested under a fixed condition and the average values were utilized for analysis.
Measurement ofrheologicalproperties Rheological
properties of agricultural products were determined by the vibrating reed method (Dejmek et al., 2002; Ohnishi et al. , 2002; Drake, 1962; Miyawaki et al. , 1980) . The experiment was carried out by the apparatus reported previously (Ohnishi et al., 2002 (Nishinari et al., 1977) : for the cylindrical beam sample, a2/12 for the square rod sample). Under a fixed condition of freezing-thawing, measurements were repeated three times for different samples to obtain the dynamic viscoelasticity. Density of a sample
was measured with an electric density meter (EW-200SG; Mirage Trading Inc., Osaka, Japan) that measures the sample weights in air and in water. A mean density value from three samples was used for calculating viscoelasticity using Eqs. (1) and (2). was observed in impedance. After freezing-thawing, the impedance in the low frequency range (50-lO kHz) drastically decreased. Similar results were observed for 13 other agricultural products tested (asparagus (shoot), banana (fruit), burdock (root), Chinese cabbage (1eaO, Chinese yam (root), eggplant (fruit), garlic (flower stalk), ginger (root), Japanese radish (root), pumpkin (fruit), East Indian lotus (root), sweet potato (tuber) and turnip (root) (data not shown)). Figure 2 shows the impedance of chicken breast fillet, fish meat (yellow-tail) and chicken liver, before and after freezing-thawing. These samples showed a lower impedance value in comparison with plant tissue. In chicken breast fillet and fish meat, frequency dependence of impedance was not observed in 1,000-1 MHZ and the impedance value changed little before and after freezingthawing (Fig. 2a,b) . On the contrary, the frequency dependence of impedance was observed for chicken liver tissue as well as plant tissue and the impedance substantially decreased after freezing-thawing (Fig. 2c ). 455 Figure 3 shows the impedance of gel foods, kamaboko (Japanese steamed fish paste product), tofu (soy protein curd) and konnyaku (alimentary yam paste) before and after freezing-thawing. These food materials also showed a lower impedance value than plant tissue. The impedance of kamaboko scarcely changed before and after freezingthawing (Fig. 3a) as true of chicken breast fillet and fish meat, while the impedance of tofu and konnyaku increased (Fig. 3b,c) . Cole-Coleplot before and afterfreezing As discussed above, food materials were classified into 3 types in their impedance behavior after freezing-thawing: (1 ) decreased, (2) increased, (3) no change in impedance. This suggests that the structural change by freezing-thawing differs among food materials. To confirm this, reactance and resistance of food materials were separately measured over a frequency range from 50 Hz to I MHZ to obtain the ColeCole plot (Cole, 1932) . o, reactance and resistance of carrot, potato, apple, and broccoli tissue. In the fresh samples, the characteristic Cole-Cole arcs were clearly observed. Plant tissue is the aggregation of closed cell structure with plasma membrane and cell wall so that the cell tissue has strong frequencydependent impedance (Sugiyama, 1988; Toyoda et al., 1997) . The characteristic Cole-Cole arc corresponds to this aggregation of cell structure (Dejmek et al., 2002; Ohnishi et al. , 2002; Cole, 1932) . Figure 4 also shows ColeCole plots for these tissues after freezing-thawing; the arcs had almost completely disappeared. The structure of cell tissue, particularly cell plasma membrane, which has poor freezing tolerance, has been injured physically by the intracellular ice crystal formation during the freezing process (Burke et al., 1976; Steponkus, 1984; Webb et al., 1994; Ishikawa et al., 1997) to destroy the confinement of the cell structure after thawing. This caused the drastic changes in electrical properties. Figure 5 shows the Cole-Cole plots for potato (tuber), soybean (grain) and grape (fruit) tissue after freezingthawing. In most plant tissue such as potato (Fig. 5a ), the Cole-Cole arcs had completely disappeared. In soybean and grape, however, the arcs were partly observed, though they had become much smaller than that of the raw samples (Fig. 5b-c) . These results suggest that part of the cell structure of these samples may remain after freezing-thawing. On the other hand, the impedance of chicken liver decreased after freezing-thawing as shown in Fig. 6c . In the raw liver tissue, a small Cole-Cole arc was observed (Fig. 6c) . This result means that liver tissue has a closed cell structure which shows the arc, and this disappeared after freezing-thawing, suggesting a change in structure on the plasma membrane.
Results and Discussion
In gel foods such as tofu (soyprotein curd) konnyaku (alimentary yam paste) and kamaboko, no characteristic Cole-Cole arc was observed because these samples have no cellular structure (Fig. 7a-c) . In kamaboko made from minced fish, starch and salt, the electrical properties did not change (Fig. 7a) so that the impedance remained unchanged (Fig. 3a) before and after freezing-thawing. This indicates that no structure change occurred in kamaboko during the freezing process. On the contrary, the electrical properties of tofu and konnyaku changed (Fig. 7b,c) and the impedance increased after freezing-thawing (Fig.  3b,c) . Tofu and konnyaku change from gel to spongy structure by freezing-thawing because of the denaturation of protein (tofu) or mannan (konnyaku). Electrical changes of these food materials before and after freezing-thawing may reflect this change in structure.
Change in rheological properties after freezingthawing Table I shows rheological properties of food materials before and after freezing-thawing. The dynamic elasticity of plant tissues (carrot, potato, apple and broccoli), whose electrical property greatly changed after freezing-thawing (Figs. I and 4), were drastically decreased by one or two orders of magnitude after this process. This means that the structure change reflecting the large change in electrical properties for these plant tissues is responsible for the change in the rheological properties. In the plant cell tissue, the loss of turgor pressure by injury of the plasma membrane is considered to be the major cause of softening after freezing-thawing (Ohnishi et al., 2003) .
In the fish meat and kamaboko, electrical properties (Figs. 2, 3 , 6, and 7) and dynamic viscoelasticity (Table  1) scarcely changed after freezing-thawing. This suggests that these food materials do not change in structure upon freezing so that they have high freezing-tolerance.
The rheological properties of konnyaku showed a very unique change after freezing-thawing (Table 1 ). The dynamic elasticity and viscosity increased more than 3 or 4 times, and in electrical measurements, increase in resistance of konnyaku due to denaturation of mannan was observed. (Figs. 3, 7) . This denaturation of mannan seemed to cause the konnyaku gel hardening. Similar results were also observed for tofu.
Conclusions
The electrical properties showed changes in structure of food materials after freezing-thawing and the rheological properties changed reflecting this change in structure. The effect of freezing on the electrical and rheological properties of food materials was classified into three groups. In the first group, the high impedance and a clear ColeCole arc were observed in the fresh state but the impedance decreased greatly and the Cole-Cole arc almost completely disappeared after freezing-thawing to suggest a serious change in the cell structure. The rheological properties also changed substantially after freezing-thawing reflecting the large change in the cell structure. This group consists of plant tissue and chicken liver. In the second group, the impedance was relatively low and the Cole-Cole arc was unclear but these electrical properties were almost 
